Wellinger, Raymund J.; and Pandita, Tej K., ,"Human heterochromatin protein 1 isoforms HP1(Hsα) and HP1(Hsβ) interfere with hTERT-telomere interactions and correlate with changes in cell growth and response to ionizing radiation
Telomeres are associated with the nuclear matrix and are thought to be heterochromatic. We show here that in human cells the overexpression of green fluorescent protein-tagged heterochromatin protein 1 (GFP-HP1) or nontagged HP1 isoforms HP1 Hs␣ or HP1 Hs␤ , but not HP1 Hs␥ , results in decreased association of a catalytic unit of telomerase (hTERT) with telomeres. However, reduction of the G overhangs and overall telomere sizes was found in cells overexpressing any of these three proteins. Cells overexpressing HP1
Hs␣ or HP1 Hs␤ also display a higher frequency of chromosome end-to-end associations and spontaneous chromosomal damage than the parental cells. None of these effects were observed in cells expressing mutants of GFP-⌬HP1 Hs␣ , GFP-⌬HP1 Hs␤ , or GFP-⌬HP1 Hs␥ that had their chromodomains deleted. An increase in the cell population doubling time and higher sensitivity to cell killing by ionizing radiation (IR) treatment was also observed for cells overexpressing HP1 Hs␣ Hs␤ present, as their overexpression influences telomere stability, population doubling time, radioresistance, and tumorigenicity in a mouse xenograft model. In addition, the isoform-specific effects on telomeres reinforce the notion that telomeres are in a heterochromatinized state.
In higher eukaryotic cells, a portion of the transcriptionally inactive heterochromatin, including that of telomeres, is associated with a structure called the nuclear matrix (2, 33, 39) . Conserved heterochromatin proteins (HPs), which contain a characteristic chromodomain, play a critical role in establishing and maintaining these heterochromatic domains (58) . The chromodomain is a 37-amino-acid-residue region first described in two Drosophila polypeptides, HP1 and polycomb (44) . Three mammalian HP1-like proteins have been identified and are known as HP1␣, HP1␤, and HP1␥, each containing a chromodomain and a chromoshadow domain separated by a hinge region (11, 29, 58) . Their genes are localized on three different chromosomal sites (6) . These proteins are relatively small, containing less than 200 amino acids, and have molecular masses of approximately 25 kDa. In mammals, chromodomain-containing proteins appear to be either structural components of large macromolecular chromatin complexes or proteins involved in remodeling the chromatin structure. In vitro binding assays have revealed that all three mouse HP1s can form hetero-and homomultimers (38) . HP1␣, HP1␤, and HP1␥ heteromers have been shown to be associated with nucleosomal core histones (63) and to reduce transcription of nearby promoters when directly tethered to DNA (7) . In addition, HP1s from mice and humans interact directly with the transcriptional corepressor TIF␤ (37) , supporting the notion that HP1s could play a role in gene silencing. Apart from this role in regulating gene activity, HP1 has been suggested to be a conserved component of the highly compact chromatin of centromeres and telomeres in Drosophila (23) . In addition, Drosophila larvae expressing reduced or mutant versions of HP1 exhibit telomeric fusions (12) . Thus, HP1 proteins are nonhistone chromatin components that interact with a variety of proteins that play a role in chromatin remodeling and transcriptional silencing (30) . It is thought that the proteins encoded by the HP1 class of the conserved chromobox genes are primarily involved in the packaging of chromosomal domains into a repressive heterochromatic state. However, it is not known whether the function of these genes influences telomere behavior in human cells.
Telomeres are complexes of repetitive DNA sequences and proteins constituting the ends of linear eukaryotic chromosomes. Telomeric DNA comprises variable numbers of short direct repeats in the double-stranded form and end in an overhang of the strand making up the 3Ј end of the chromosome, the G-rich strand (20, 24, 59) . For example, mammalian telo-meres end in a single-stranded G-rich overhang (G tail) of about 100 to 200 bases (32, 34) , and this G tail can invade the double-stranded portion of telomeric repeats, forming a D loop (21) . The D loop structure is stabilized by various telomere-binding proteins, in particular telomere repeat binding factor 2 (TRF2) (56) , and may be conserved among higher eukaryotes. The maintenance of telomeric repeat DNA is dependent on telomerase, a specialized reverse transcriptase, and recent evidence suggests this enzyme is associated with telomeric chromatin (47, 54) . Other chromosome end-binding proteins, such as TRF1, bind to telomeres via the double-stranded portion of the telomeric repeats (9) . There is a growing number of proteins which are found to be associated with telomeres in an undefined or indirect way (Ku, hMRE11, and certain checkpoint proteins); however, very little information is available about the precise functions of these at chromosome ends. There is good evidence that Drosophila telomeres are organized as heterochromatin, but the evidence in other organisms is less direct. Mammalian telomeres have been reported to be associated with the nuclear matrix (8, 49) , and genes located near telomeres in both yeast and mammalian cells can be subject to epigenetic transcriptional position effects (16, 62) . This latter observation has been taken as evidence for a heterochromatin-like state of telomeres. In mammalian interphase nuclei, the three isoforms of HP1 exhibit a punctate pattern, and on metaphase chromosomes, HP1
Hs␣ and HP1
Hs␤ show a predominant centromeric staining and infrequent signals at telomeres (1, 28, 35) . These studies suggest that HP1 Hs␣ or HP1 Hs␤ plays a role at telomeres. Here we demonstrate that because of the overexpression of HP1 Hs␣ or HP1 Hs␤ , telomere association with telomerase and telomere stability in human cells are altered. Moreover, the cells in which these proteins are overexpressed display general defects of chromosomal instability and increase in chromosomal aberrations and are growth impaired in culture as well as in a mouse xenograft tumor model. The data thus suggest that HP1-like proteins play a functional role in the particular chromatin organization at telomeres and are crucial determinants of genome stability.
MATERIALS AND METHODS

Construction of expression plasmids. Complementary DNAs encoding HP1
Hs␣ , HP1 Hs␤ , or HP1 Hs␥ , with green fluorescent protein (GFP) tags (GFP-HP1) or without (HP1) GFP tags, were cloned into the mammalian expression vector pIND(SP1)/Neo (Invitrogen, Carlsbad, Calif.) as described previously (22) . Mutant forms of HP1 Hs␣ , HP1 Hs␤ , and HP1 Hs␥ , referred to as ⌬HP1 Hs␣ ,
⌬HP1
Hs␤ , and ⌬HP1 Hs␥ , had their chromodomains deleted and were created by using a PCR approach with appropriate primer pair combinations. The mutant forms tagged to GFP were cloned into the pIND(SP1)/Neo vector. Final constructs were verified by DNA sequencing.
Cell culture and derivation of cell lines. ECR-293 cells were maintained and transfected with plasmids as described previously (22, 26) . Stable lines of cells transfected with the various constructs were obtained by selection with G418 (50) . Reverse transcription (RT)-PCR and Western blot analyses were employed to confirm the expression of HP1 Hs␣ , HP1 Hs␤ , and HP1 Hs␥ proteins. Western blot analysis. Cell lysates were prepared according to a previously described procedure (47) . Anti-HP1
Hs␣ , anti-HP1 Hs␤ , and anti-HP1 Hs␥ antibodies were obtained from Upstate Cell Signaling, and anti-GFP antibody was obtained from Clontech. Immunoblots and detections were done according to the recommendations of the antibody suppliers.
RT-PCR. Total RNA was isolated from cells by using the RNeasy kit (QIA-GEN Inc., Valencia, Calif.). RNA was treated with RNase-free DNase (Boehringer Mannheim) (1 g/l) for 2 h at 37°C, followed by heat inactivation at 65°C for 10 min. The RT reaction mixture contained 1 g of DNase-treated RNA, 50 l of a mixture containing 1 g of pdN6 random primers (Pharmacia) per l, 1ϫ first-strand buffer (GIBCO-BRL), 0.5 mM (each) deoxynucleoside triphosphates (Pharmacia), and 200 U of MMLV-RT (GIBCO-BRL) and was incubated for 1 h at 37°C. PCR was performed by using gene-specific primers along with the primers for alpha-actin. The PCR samples were resolved by electrophoresis, and the products were quantitated by ImageQuant software.
Chromatin immunoprecipitation. Coimmunoprecipitation after formaldehyde-mediated in vivo cross-linking of DNA with proteins was performed with a human telomerase (hTERT) antibody (15, 26, 57, 61) as described previously (3, 47) . Immunoprecipitated DNA was spotted onto a membrane by using a dot blotting apparatus and then hybridized to 32 P-labeled DNA probes. The probes used for hybridization were telomeric repeat DNA (CCCTAA), total human genomic DNA, and a DNA fragment containing Alu repeats. The blots were stripped and successively hybridized with different probes.
Detection of telomeres and terminal restriction fragment analysis. Detection of telomeres on metaphase chromosomes was obtained by fluorescence in situ hybridization (FISH) by using a telomere sequence-specific peptide nucleic acid (PNA) probe (10) . For terminal restriction fragment analysis, DNA was isolated from exponentially growing cells by a procedure described earlier (43) . This DNA was digested with the restriction enzymes RsaI and HinfI, which do not cut the terminal TTAGGG repeat sequences, and the fragments were separated by agarose gel electrophoresis and hybridized to a 32 P-labeled (TTAGGG) 5 probe. Detection and measurement of terminal restriction fragment lengths were performed as described previously using ImageQuant version 1.2., build 039 (Molecular Dynamics) (49, 51) . Nondenaturing in-gel hybridization to determine relative amounts of telomeric single-stranded DNA (G tails) was performed as previously described (34) .
Telomerase assays. Telomerase activity was determined by using the Telomerase PCR ELISA kit (Roche) as previously described (46) . Telomerase activity was determined in triplicate, and negative and positive controls were run with each experiment. An aliquot of each extract was heat inactivated for 10 min at 95°C as a negative control.
Cell growth and clonogenic survival assays. For determination of cell growth, cells were plated in 35-mm dishes. The cell count was determined by using a Coulter counter. For clonogenic assay, cells in plateau-phase growth were plated as single cells into 60-mm dishes in 5 ml of medium, incubated for 6 h, and subsequently exposed to ionizing radiation (IR). The actual amount of cells per dish was chosen to ensure that about 50 colonies would survive a particular dose of radiation. The cells were exposed to IR in the dose range of 0 to 8 Gy at room temperature. The cells were incubated for 12 or more days and were fixed in methanol acetic acid (3:1) prior to staining with crystal violet. Only colonies containing Ͼ50 cells were counted.
Chromosome studies. Metaphase chromosome spreads were prepared by procedures described earlier (40) . Giemsa-stained chromosomes of metaphase spreads were analyzed for chromosome end-to-end associations.
Assay for chromosomal repair after IR treatment. G 1 -type chromosomal aberrations were assessed as described previously (41) . Briefly, cells in plateau phase were irradiated with 3 Gy, allowed to incubate for 24 h, and subcultured, and metaphases were collected. Chromosome spreads were prepared by the procedure described previously (40) . The categories of G 1 -type asymmetrical chromosome aberrations scored included dicentrics, centric rings, interstitial deletions and acentric rings, and terminal deletions.
S-phase-specific chromosomal aberrations were analyzed at metaphase. Exponentially growing cells were irradiated with 2 Gy, and mitotic cells were collected 3 to 6 h postirradiation. Both chromosome and chromatid aberrations were scored. For G 2 -specific chromosomal aberrations, cells in exponential phase were irradiated with 1 Gy and metaphases were collected at 45 and 90 min following irradiation and examined for chromatid breaks and gaps per metaphase as described previously (10, 36) . Fifty metaphases were scored for each postirradiation time point.
Anchorage-independent growth. Assays for anchorage-independent growth were performed essentially as described previously (13, 31) . Agar (0.5%) in Dulbecco's minimal essential medium (DMEM) with 10% fetal calf serum was poured in each well of 12-well plates, followed by the overlaying of 1.5 ml of agar (0.3% in DMEM-10% fetal calf serum) containing a defined number of cells. The wells were overlaid with regular DMEM, which was replaced every 3 days. Fifteen days later, colonies of more than 50 cells were counted. Each experiment was repeated independently three times in duplicate, and the results are expressed as the means of the three experiments.
Tumorigenic assay. Two-month-old NMRI nu/nu male mice were maintained in a specific-pathogen-free mouse colony for the duration of the experiments (46) . The mice were randomly distributed (four per cage), and each mouse was labeled with an ear code. Two million exponentially growing ECR-293 cells with and without overexpression of wild-type or mutant GFP-HP1
Hs␣ , GFP-HP1 Hs␤ , or GFP-HP1 Hs␥ in a volume of 200 l were injected subcutaneously. The mice were examined daily for tumor appearance. RKO cells, which are known to produce tumors in such mice, were used as positive controls (46) .
RESULTS
Overexpression of HP1
Hs␣ or HP1 Hs␤ reduces the interaction of hTERT with telomeres. Besides centric heterochromatin, HP1 is localized to telomeres of Drosophila chromosomes, and HP1 mutant Drosophila larval neuroblasts show a high frequency of telomeric associations (12) . In human cells, infrequent signals of HP1
Hs␣ and HP1 Hs␤ on chromosome ends have been reported (1, 28, 35) . Given this functional link of HP1 localization with telomere behavior, we wished to establish whether human HP1 proteins also played a role at telomeres. We have recently demonstrated that antibodies against the catalytic subunit of hTERT can be used to immunoprecipitate telomeric DNA after in vivo cross-linking and that such hTERT-telomere interactions could be influenced by the overexpression of TRF1 (47) . We reasoned that if human HP1 proteins interacted with telomeric DNA in human cells, then the overexpression of such gene products would also influence the association of hTERT with the telomeres and subsequently lead to telomere instability. To this end, we determined the RNA and protein levels of GFP-HP1
Hs␣ , GFP-HP1 Hs␤ , and GFP-HP1
Hs␥ in ECR-293 cells and whether overexpression of such proteins could influence the interaction of hTERT with telomeres.
The RNA and protein levels of GFP-HP1 in ECR-293 were determined by RT-PCR and Western blotting. GFP-specific primers were used in RT-PCR to determine the RNA levels of GFP-HP1. RNA expression levels of GFP-HP1 were found to be identical in cells expressing wild-type or mutant human isoforms of HP1 (Fig. 1A ). To determine the protein level by Western blot analysis, anti-GFP antibody was used. The levels of wild-type or mutant GFP-tagged HP1 Hs␣ , HP1 Hs␤ , or HP1 Hs␥ in ECR-293 cells were almost identical (Fig. 1B) . ECR-293 cells overexpressing various forms of human HP1 proteins were treated with formaldehyde, and isolated chromatin from these cells was immunoprecipitated by using antihTERT antibodies (15, 26, 57, 61) . Cells overexpressing wildtype GFP-HP1 Hs␣ or GFP-HP1
Hs␤ , but not those overexpressing wild-type GFP-HP1
Hs␥ , showed reduced interaction of hTERT with telomeres compared to that for the parental cells (Fig. 2) . In cells overexpressing GFP-HP1
Hs␣ or GFP-HP1 Hs␤ , hTERT protein could be cross-linked to total genomic DNA, but specific binding of hTERT to telomeres was reduced (Fig. 2) . However, the expression of GFP-⌬HP1 Hs␣ , GFP-⌬HP1 Hs␤ , or GFP-⌬HP1 Hs␥ , which lack the chromodomain of the HP1-proteins, had no effect on the interaction of hTERT with telomeres (Fig. 2) Hs␥ in cells overexpressing such proteins were about fourfold higher than those for the parental cells without overexpression of such proteins (Fig. 3A) . ECR-293 cells overexpressing various forms of nontagged human HP1 proteins were examined for hTERT interactions with telomeres. Cells overexpressing nontagged HP1
Hs␣ or HP1 Hs␤ , but not those overexpressing type HP1
Hs␥ , showed reduced interaction of hTERT with telomeres compared to that for the parental cells (Fig. 4) . In cells overexpressing HP1
Hs␣ or HP1 Hs␤ , hTERT protein could be cross-linked to total genomic DNA, but specific binding of hTERT to telomeres was reduced (Fig. 4) . The influences of overexpression of GFP-HP1 or nontagged HP1 on hTERT interactions with telomeres are similar, suggesting that the effect of HP1 on hTERT interaction with telomeres is not due to GFP fusion with HP1. These findings are consistent with previous reports that GFP-HP1 proteins retain functions similar to those of nontagged HP1 proteins (5, 27, 38) .
Given that HP1-proteins are involved in gene silencing, it was possible that the above effect was due simply to a transcriptional repression of hTERT resulting in lower levels of this protein in the cells. To investigate whether overexpression of any of the wild-type or mutant HP1 proteins influenced hTERT at the transcription level, we examined hTERT RNA levels in such cells by RT-PCR (Fig. 5A) . None of the cell lines used, and in particular not the cells overexpressing HP1
Hs␣ or HP1 Hs␤ , showed any significant differences in hTERT RNA (Fig. 5A) . Furthermore, we assayed telomerase activity in these cells and did not find any differences in overall activity of the enzyme (Fig.  5B) . These results suggest that none of the HP1 proteins influences the transcription of hTERT through overexpression and that the reduced interaction of hTERT with telomeres is not due to down regulation of hTERT mRNA or inactivation of telomerase. Rather, the results suggest that the overexpression of HP1 Hs␣ or HP1 Hs␤ can lead to an alteration of the telomeric chromatin, leading to decreased accessibility for telomerase.
Since TRF2 plays a critical role in telomere stabilization, we determined whether overexpression of any of the wild-type or mutant HP1 proteins influenced TRF2 at the transcription level. TRF2 RNA levels were examined in such cells by RT-PCR (Fig. 5C) . None of the cell lines used, and in particular not the cells overexpressing HP1
Hs␣ or HP1 Hs␤ , showed any significant difference in TRF2 RNA levels from those of the control parental cells (Fig. 5C ).
Telomere instability is induced by overexpression of HP1
Hs␣ or HP1 Hs␤ . The occurrence of telomere fusions in Drosophila with HP1 mutations suggests that HP1 might function in protecting telomeres from fusions (12) . In addition, HP1/ORCassociated protein is required for telomere capping in Drosophila (4). In mammals, HP1 might affect the functioning of other telomere-binding proteins, such as Ku, TRF1, or TRF2, which are responsible for telomere stabilization (9) . For example, TRF2 plays a critical role in telomere stabilization, specifically in the G overhangs of human cells (53, 56) . Furthermore, overexpression of TRF1 influenced the ability of hTERT to bind to telomeric DNA (47), a situation similar to what we found when HP1 Hs␣ or HP1 Hs␤ was overexpressed. Overexpression of TRF1 also leads to a decrease in overall telomere length, and it was suggested that this effect could be due to an inhibition of telomerase, either by preventing access to the substrate or by inhibiting the enzyme (55) . Therefore, we examined telomere length in cells with or without overexpression of the various HP1 proteins. DNA isolated from ECR-293 cells overexpressing GFP-tagged or nontagged HP1 Hs␣ , HP1 Hs␤ , or HP1 Hs␥ was analyzed by using an in-gel hybridization technique for detection of the terminal restriction fragments (Fig. 6) Another possibility is that the binding of HP1 to telomeres may interfere with the functioning of some of the normal telomere-binding proteins. Displacing TRF2 from telomeres by a dominant-negative allele has two main consequences for chromosomal ends: loss of the single-stranded G strand overhang and induction of telomeric fusions (56) . Given this observation, we assessed these two phenotypes in cells overexpressing the various HP1 proteins (Fig. 6A and C) . Signals for G strand overhangs (G tails) were examined on terminal repeat fragments derived from such cells by the nondenaturing in-gel hybridization method (32, 34) . The advantage of this method is that terminal fragments of any size can be analyzed by using an end-labeled d(CCCTAA) 3 probe and that DNA loading errors can be corrected after rehybridization of the gels. As shown in Fig. 6A (GFP-tagged) and Fig. 6C (nontagged) , for DNA isolated from cells overexpressing GFPtagged and nontagged HP1 Hs␣ , HP1 Hs␤ , or HP1 Hs␥ , the signals for G tails were significantly and reproducibly reduced by about 30 to 50% compared to those for DNA isolated from parental cells. Southern analysis of telomeric DNA yields an appraisal of the population of terminal repeat fragments generated and does not monitor ends of individual chromosomes. We therefore performed FISH for telomeric repeats on metaphase spreads by using a telomere-specific Cy3-labeled (CCCTAA) 3 peptide nucleic acid probe. Fifty metaphase chromosome spreads from cells overexpressing GFP-tagged or nontagged HP1
Hs␣ , HP1 Hs␤ , or HP1 Hs␥ as well as from the parental cells were included and analyzed (see representative examples in Fig. 6E ). While no significant overall changes in signal intensities could be detected in cells overexpressing HP1 Hs␣ or HP1 Hs␤ , there was a slightly higher proportion of chromatid ends (about 9% of telomeres per metaphase) that had fewer telomere-specific fluorescent signals than those for the parental cells (about 2% of telomeres per metaphase).
In order to determine the influence of overexpression of HP1 Hs␣ , HP1 Hs␤ , or HP1 Hs␥ on the frequency of chromosome end-to-end associations, 200 metaphases were examined for each case and the frequencies of abnormalities were established and compared to those for the parental cells. Cells overexpressing HP1
Hs␣ or HP1 Hs␤ had about 0.45 chromosome end-to-end associations per metaphase, whereas the parental cells displayed 0.12 chromosome end-to-end associations per metaphase ( Table 1) . None of the other cells examined showed any increase in the frequency of chromosome end associations (Table 1) . Since chromosome end-toend associations may lead to anaphase bridge formation, the same cells were analyzed for anaphase bridges by omitting the Colcemid treatment. For each case, 300 cells at anaphase were examined for bridges. Cells overexpressing HP1 Hs␣ than that for parental cells (Table 1) . Furthermore, we determined whether the chromosome end-to-end fusions observed in cells overexpressing HP1 Hs␣ or HP1 Hs␤ were associated with losses of telomeric repeats at the fusion sites. Telomeric signals were seen in about 8% of the fusion sites, indicating that total loss of telomeres is not required for the formation of chromosome end-to-end associations in these cells (Fig. 6E) .
To determine whether spontaneous chromosome aberrations were also increased in cells with enhanced telomere instability, we examined cells for chromosome as well as chro- Hs␤ displayed a higher frequency of chromatid and chromosomal aberrations than the parental cells (Table 2) . No significant increases in these frequencies were observed in cells overexpressing HP1
Hs␥ or any of the mutant forms of the HP1-like proteins ( 10 h compared to that for the control cells (Fig. 7) . However, no such effect was observed in cells overexpressing HP1 Hs␥ (Fig. 7) . Curiously, the population doubling times of cells expressing mutant GFP-⌬HP1 Hs␣ or GFP-⌬HP1 Hs␤ , but not those expressing mutant GFP-⌬HP1 Hs␥ , were reduced by approximately 9 h compared to that for parental ECR-293 cells.
Effects of IR on cell survival and chromosomal repair. The detected differences in doubling times could indicate that the affected cell lines were also altered in their ability to repair DNA damage. Notably, cells with telomere dysfunction in lategeneration Terc Ϫ/Ϫ mice displayed a radiosensitivity syndrome associated with accelerated mortality (60) . The radiosensitivity of telomere dysfunctional cells is also correlated with defective DNA repair (60) . Furthermore, it has been suggested that short telomeres in mammals result in organismal hypersensi- influences telomere stability and cell doubling times, we determined whether overexpression of wild-type or mutant HP1 proteins influences cell survival and/or chromosomal repair after exposure to IR. Cell survival after treatment with IR was determined by using a colony formation assay described previously (10) . Consistent with the differences in population doubling times, cells overexpressing GFP-HP1
Hs␣ or GFP-HP1 Hs␤ exhibited enhanced sensitivity to IR treatment compared to that for parental cells (Fig. 8) . Furthermore, and again consistent with the doubling-time data, cells expressing GFP-⌬HP1
Hs␣ or GFP-⌬HP1 Hs␤ exhibited decreased IR sensitivity for reproductive cell death and no changes in IR response for cell death were observed in cells overexpressing GFP-HP1
Hs␥ or GFP-⌬HP1 Hs␥ ( Fig. 8 and data not shown) . Thus, cells overexpressing wild-type HP1 Hs␣ or HP1 Hs␤ have defects in telomere metabolism and display karyotypic instability and prolonged population doubling times as well as decreased cell survival after IR treatment. All of these cellular phenotypes could be linked with defective chromosomal repair. One way to address whether DNA repair is affected in these cells is to compare cell cycle stage-specific chromosomal aberrations in cells with and without overexpression of the HP1 proteins. We first set out to determine frequencies of chromo- Hs␥ on cell growth. Note that the influence of GFP-tagged HP1 proteins on cell growth is similar to the influence of nontagged HP1 proteins. Cell cycle phase-specific chromosome aberrations were ascertained based on the frequency of chromosomal and chromatid aberrations observed at metaphase. G 1 -specific aberrations detected at metaphase are mostly of the chromosomal type and display a high frequency of dicentrics (41) . S-phase-type aberrations detected at metaphase are of the chromosomal and chromatid types. G 2 -type aberrations detected at metaphase are predominantly of the chromatid type with the least number of dicentrics. To determine G 1 -type chromosomal damage, plateau-phase cells were treated with 3 Gy and replated 24 h after irradiation and aberrations were scored at metaphase as previously described (10) . Compared to those for parental cells, there is a significant increase in residual IR-induced G 1 chromosomal aberrations seen at metaphase in cells overexpressing GFP-HP1 Hs␣ or GFP-HP1 Hs␤ (Fig. 9A) . In contrast, cells expressing GFP-⌬HP1 Hs␣ , GFP-⌬HP1 Hs␤ , or GFP-⌬HP1
Hs␥ did not show any differences in the G 1 -phase type of chromosomal aberrations from those of parental cells after treatment with IR (data not shown). To determine whether defective repair can be documented in cells overexpressing GFP-HP1
Hs␣ or GFP-HP1 Hs␤ in phases of the cell cycle other than G 1 , we evaluated S-phase-specific chromosomal aberrations in such cells. We first determined the time needed for S-phase cells to reach metaphase after IR treatment. Exponentially growing cells were labeled with BrdU for 30 min as previously described (40) and then irradiated with 2 Gy. AntiBrdU immunostaining was performed to determine when metaphase chromosomes contain BrdU. In these experiments, BrdU-labeled metaphases appeared approximately 3 h postirradiation (data not shown). Thus, cells overexpressing HP1 proteins were treated with 2 Gy of IR, and metaphases were
